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Quartz Crystal Microbalance Studies of Deposition and Dissolution Mechanisms
of Electrochromic Films of Diheptylviologen Bromide

Gregory S. Ostrom and Daniel A. Buttry*

Department of Chnemistry
Box 3838

University of Wyoming
Laramie, WY 82071

Abstract - The quartz crystal microbalance (Q00) technique is used in
conjunction with cyclic voltammetric and potential step measurements to study
the deposition and dissolution mechanisms of thin films of diheptylviologen
bromide. Deposition of a uniform, compact film with little incorporation of
supporting electrolyte is indicated for potential steps well past the first
reduction wave of the viologen. Films with considerable surface roughness are
deposited when using potential sweep methods, depending on conditions. Methods
are presented which provide the apparent molar Wass of the depositing species
from appropriate combination of the Q4 and electrochemical data. The use of
microgravimetric Anson plots together with conventional Anson plots provides a
particularly useful approach to such determinations. Due to the potentially
detrimental influence of non-uniform current density on the Q04 measurements,
an ancillary study of copper deposition was carried out using the same
concentrations and ionic strengths as those in the viologen experiments. This
demonstrated the uniformity of the current density in the viologen experiments
and verified the use of QCM measurements under such conditions.
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Interest in the use of electrochranic materials in display applications

has led to a number of investigations into the electrochemistry of filmis of

the highly colored precipitates formed from the reduction of several different

viologen comnpounds (1-25). Of these, l,l'-diheptyl-4,4-bipyridiniun dibrcmide

(HVBr 2) and other salts of this viologen have been the most exctensively

studied. A variety of additional technique~s have been emiployed for the study

of the film of these comnpounds, including spectroelectrochemistry (4b, 5,

7-9, l0b, 10d, 15-17, 24b), and ESR (10c), Raman (13, 20-23), photoacoustic

(24a,24c), and photothermal (24d) spectroscopies. one of the co~nclusions which

can be drawn from these studies is that the viologens are usually adsorbed on

the surface at monolayer or submonolayer coverages prior to their reduction

(10-12, 14, 20-23, 25), and that this adsorbed film influences the nucleation

and growth of the deposit (25). In addition, the stripping behavior of the

deposits seems to depend on the structure of the viologen (3b, 4a, 9a, 9c,

18), the length of time that the deposit is left in its reduced form and the

deposition potential (9a, 9c), and the supporting electrolyte (6,17). In a

particularly novel approach (13), the use of cyclodextrin to form an inclusion

comnplex with the viologen was shown to inhibit the recrystallization of the

film which has been thought to be the cause of the ageing phenomenon (9a, 9c).
The general implication of these studies is that the detailed omiposition of

the reduced film (i .e. solvent and supporting electrolyte content), as well as

its structure, will have a strong influence on its electrochemical behavior.

Of the few methods available for probing the omiposition of thin films in
situ, the quartz crystal microbalance (004) provides one of the simplest and

most direct approaches to the problem.

Recent work in several research groups (26-28) has demonstrated the

utility of QCM technology for the study of surface processes in

electrochemical measurenents. The Q4 is a mass sensitive piezoelectric device

(typically employed as a disk-shaped transducer) which oscillates in a

mechanically resonant shear mode by application of an alternating, high
frequency electric field using electrodes deposited on both sides of the disk.

A minute change in the meass of one of the electrodes by virtue of an

electrochemnical (or other) event causes a detectable change in the resonant
frequency which can be used to infer the mass change. The 004 has been used to

I
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study monolayer oxide formation on gold electrodes (28a), underpotential

deposition of various metals (27b,c), bulk metal deposition and dissolution

(29,30), adsorption and desorption of surfactant derivatives (26c), and ion

and solvent transport which are consequences of redox processes in various

types of thin polymer films on gold electrodes (26a,b). In addition to these

studies in which the Q(M has been used to detect mass changes at the electrode

surface, it has also been shown that the QCM is sensitive to morphological

changes of the electrode surface or films on its surface (29b, 30, 31).

In addition to the uses listed above, the QM lends itself well to

observations of the deposition and stripping of thin organic films on

electrodes. The importance of such depositions is demonstrated by their wide

application in the electropolymerization of thin layers of redox and

electrochemically inert polymers (32). A recent report demonstrates another

method for deposition of thin organic films by precipitation from micellar

solutions (33). While the methods for deposition of such thin films are fairly

well established, the mechanisms of their deposition on and removal from the

surface have not been as thoroughly studied. Due to its intrinsic sensitivity

to mass changes at electrode surfaces, the QCM represents a powerful tool for

such studies.

In this report, the Q(M is used to study the deposition and dissolution

of thin films of diheptylviologen bromide (HVBr), the precipitate formed by

the one electron reduction of HV2 + in the presence of bromide ion in aqueous

solutions. The electrochemistry of HV2+ is studied under both potential step

and potential sweep conditions to gain insight into the mechanisms of

deposition and dissolution. Comparison of the QM data for this system to

those for copper deposition from sulfuric acid at identical concentrations and

ionic strengths is used to probe the influence of non-uniform current density

distributions on the QCM measurement.

Materials and Instrunentation. The HVBr 2 was either obtained from Aldrich

Chemical Canpany or prepared by reaction of 4,4'-bipyridine and l-bromoheptane

in acetonitrile. Reagent grade chemicals were used throughout, unless

otherwise specified. Prior to beginning the experiments, the solutions were

deaerated for 20 minutes with Ar which had been passed through a vanadous

sulfate cxygen scrubber. Water for the supporting electrolyte solutions was

obtained from a Millipore deionizer.
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The basic instrumentation for the Q(/electrochemical measurement has

been previously described (26,27b). The facility of the data acquisition and

analysis has been increased considerably by interfacing the instrument to an

IEM PC/AT using a Data Translation IT2801-A data acquisition and control

board. This was driven from the ASYST programming environment, which also

contains routines for digital smoothing, differentiation, integration, and

other types of data manipulation. Backgrounds for potential scans and steps

into the region of interest in the absence of HVBr 2 were collected and

digitally subtracted fron those in the presence of the viologen for the

precise comparison of frequency and charge data. One inch diameter, overtone

polished, 5 MHz T-cut quartz crystals with both sides parallel

(Valpey-Fisher) were coated with a thin Cr adhesion layer (ca. 1.5 to 3.0 nm)

followed by a 300 rm thick gold layer. The gold electrode has a keyhole

pattern which has been described (28c). The piezoelectrically and
2

electrochemically active areas are 0.28 and 0.34 an , respectively. The

electrochemical cell had a conventional H-cell design with a number 9 o-ring

joint blown onto the side for mounting the crystal. Thus, only one side of the

crystal was exposed to the solution to prevent capacitive shunting of the

oscillator circuit (28c). A Pt counter electrode was used, along with a

Ag/AgCl reference electrode, to which all potentials are referenced.

Methods. The measurement of mass changes at the electrode surface using

the QC4 relies on a change in the mechanical resonant frequency of the quartz

crystal which is induced by the change in mass. Sauerbrey was the first to

show that this effect could be used for the precise determination of mass

changes at the QCM surface (34). He proposed the following equation which

describes a linear dependence of the frequency change on the mass change.

Af = - K Am (1)

Af is the change in the resonant frequency of the crystal (in Hz) induced by

the mass change, Am is the mass change (in micrograms per square centimeter of
surface area) , and K is the proportionality constant which is 56.6

Hz/microgram/an 2 for a 5 MHz AT-cut crystal. The negative sign indicates a

decrease in the crystal resonant frequency with increasing mass. The equation

is rigorously valid in the limit of deposition of infinitely thin layers of

perfectly elastic materials (35), and is applicable under conditions in which

the deposited film is behaving elastically and the total frequency change is

not too large (35,36). While it has been clearly shown that the QCM frequency
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depends on the density and viscosity of the solution layer near its surface

(37) and on the materials properties of the deposited film (37b), the above

equation is valid to the extent that the film is uniform, thin, and elastic

and the solution xiuponent to the signal remains constant during the

measurement. Thus, given the proper conditions, electrochemically induced mass

changes may be compared quantitatively with electrochemical parameters (e.g.

current, charge, etc.).

In mparing Q(M frequency changes with electrochemical data it is useful

to manipulate the data so as to optimize the coparison. In the present case,

since the reduction of HV2 + to HV+ results in its deposition as HVBr in the

presence of bromide ion, one wishes to make quantitative comparisons of the

total frequency change and the total charge passed during the reduction. This

can be done by recognizing that the current is an instantaneous measure of

reactant flux at the electrode surface, while the frequency is an integral

measure of the total delivery of reactant to the surface. Thus, as was

recently pointed out by Deakin and Melroy for the case of underpotential

deposition (27c), the current should be related to the derivative of the

frequency with respect to potential (time), and the charge should be directly

related to the frequency. These relationships are shown below.

i = (d(Af)/dE) 10 - 6 v n F )/(MWf K) (2)

Q = (10 - 6 Af F )/ ( MWf K ) (3)

The current density (in ampere/on 2 ) is given by i, E is the electrode
potential (in volts), v is the scan rate (in volts/s), n is the number of

electrons transferred to effect the deposition, F is the Faraday constant,

MWf is the apparent molar mass of the species which is being deposited, K is

the proportionality constant described in equation 1, and Q is the charge (in

coulcmbs/n 2). Use of these equations allows for quantitative ocmparison of

the total charge and frequency change (equation 3), and of the current and the

instantaneous rate of deposition (equation 2). The derivative representation

given in equation 2 is especially well suited for detection of subtle

relationships between the current and the instantaneous rate of deposition.

Both methods of data representation are used in this work.

RESULTS

Potential Sweep Experiments. The deposition of films of HVBr was studied

using cyclic voltammetry (CV) at several scan rates and solution
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concentrations of the HV2+ ion. Experiments were generally carried out with

solutions of 0.3 M KBr, although some other concentrations of supporting

electrolyte were investigated. The experiments are done by sweeping the

potential in the region of interest and recording the frequency (which is a

measure of the cumulative mass change) and the current.

Figure 1 shows the CV/Q0M curves for a negative scan to a potential past

both reduction peaks of HV2+. The peak for the first reduction process appears

in the CV at approximately -0.55 V. This corresponds to reduction of HV2+ to a

one electron reduced radical form, HV+, and its coincident deposition as the

bromide salt. The decrease in the Q(M frequency (increase in mass) which

begins at this potential clearly shows that the deposition is proceeding. At

approximately -0.80 V a second peak is observed in the CV which corresponds to

the reduction of the HV+ within the film to the neutral form of the viologen,

HV. The Q(M shows loss of mass in the potential region of this reduction,

suggesting expulsion of the bromide anions as electrons are injected into the

film. The ratio of the frequency decrease for the first reduction to the

frequency increase for the second reduction is roughly 5:1, as is the ratio of

the mass of HVBr to that of Br (5.4:1). This is as expected for the deposition

and loss of these species for the two redox processes, respectively. A more

quantitative comparison of the frequency changes and electrochemical charges

is given below.

On the return scan, four peaks are observed at ca. -0.65, -0.51, and

-0.35 V, the last being a composite of two neighboring peaks whose relative

definition is a strong function of scan rate and solution conditions. The QCM

curve shows that the peaks at -0.65 and -0.51 V are associated with a net mass

increase (frequency decrease), probably bromide insertion. This indicates that

both of these peaks are from HV oxidation to HV+, in agreement with previous

workers (3b). The net mass increase for this process is larger than that for

the initial reduction of HV+ to HV. This is due to the deposition of

additional material during the period of the scan between the reduction and

subsequent oxidation. The two waves centered at -0.35 V result from an

oxidation which causes a mass loss from the electrode surface, implying that

these waves correspond to oxidation of HVBr to HV2+ with simultaneous film

dissolution. After this final oxidation, the frequency returns to its initial

value. This implies gross reversibility of the processes responsible for the

mass changes. The appearance of the voltammetric features caused by reduction

~* * ~ ~ ~ ~ ~. i~.\4 ~~s~i~T .
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to the HV state is strongly dependent on many things, including scan rate,

concentration of the viologen, and the nature of tia- supporting electrolyte.

These time-dependent, irreversible changes will not be examined further in

this communication.

As will be shown below, quantitative comparison of the QM and

electrochemical data is better done by examination of plots of frequency

versus charge. For these comparisons we restrict ourselves to examining only

the first reduction, i.e. fram HV2+ to HV+. A CV scan over only the first wave

is shown in Figure 2 along with the QCM curve for this scan. The response is

that of a simple diffusion controlled reduction followed by deposition of the

product, with subsequent oxidation leading to a stripping peak typical for the

removal of precipitates from the electrode (38). Note that the reduction and

oxidation processes give only a single peak each at this scan rate, while for

scans over both waves all but the first reduction process gave complex,

multiple peaked responses. The QCM response reveals mass gain during reduction

and mass loss during oxidation. The mass change is completely reversible, in

the sense that the initial frequency is regained at the end of the scan.

Recalling that the frequency is an integral measure of the total amount

of material which has been deposited (removed) and the charge is an integral

measure of the total amount of material which has been reduced (oxidized), one

expects the frequency to track the charge. This notion is expressed as

equation 3 above. In addition, if reduction induces deposition with 100%

efficiency, and if the apparent molar mass of the depositing species (MWf)

remains constant throughout the deposition, then a plot of Af versus Q should

be linear, and its slope should give MWf directly. Thus, for the present case,f¢
linear Af versus Q plots imply either that the HVBr is deposited in the film

with essentially no solvent or supporting electrolyte or that a constant

proportion of solvent and/or supporting electrolyte and/or HVBr2 is

incorporated into the film during HVBr deposition. These cases should be

distinguishable from the slopes of the plots if 100% current efficiency for

deposition can be demonstrated fran the electrochemical results. The use of

such Af versus Q plots requires an assumption that the film behaves as an

elastic layer. It will be shown below that a quantitative comparison of the

frequency change and charge passed during a potential step experiment

(resulting in diffusion controlled reduction and deposition of the product)

verifies the assumption.

; *.'* '% '% '.' ', . '' '.'-' .' ' J,'- , " %'%". o % '-' J*'°. - "L% .%. .%. " " . " .. '' % % "- * - "



7

Figure 3a shows a plot of Af versus Q for the scan in Figure 2. Figures

3b and 3c show plots of Af versus Q for scans done at higher scan rates. These

plots show that the coulmbic efficiency for the deposition and stripping

events is essentially 100% because the cathodic and anodic charges are equal.

Relatively linear plots are obtained for the reductive branches of the scans,

but a large hysterisis exists between the reductive and oxidative branches.

This hysterisis is much larger at high scan rates than at low ones. The slopes

of the reductive branches of the plots in Figure 3a, 3b, and 3c give MWf's of

411 g/mole, 424 g/mole, and 472 g/mole, respectively. Table 1 gives the slopes

of such plots for two HVBr 2 concentrations and two KBr concentrations at a

variety of scan rates. These values should be compared to the molar mass of

HVBr, 434.5 g/mole. The data show that at lower scan rates the value of MW f

obtained from the slope approaches the molar mass of HVBr, indicating

relatively uniform deposition (31) of a film predominantly coiposed of HVBr.

Increasing scan rate and increasing KBr concentration appear to cause an

increase in MWf. There are a number of possible causes for this behavior.

One possibility is that solvent and/or supporting electrolyte are

incorporated into the HVBr film during deposition, and that this incorporation

is more probable at higher scan rates due to the more rapid formation of the

film. The increased density of the 3 M KBr solution relative to the 0.3 M

solution could then be the cause of the increased values of MWf seen at the
higher concentrations. However, it will be shown in a later section that the

good agreement of MAf and the molar mass of HVBr obtained for potential step

experiments (in which the film is formed ex remely quickly) casts doubt on

this model. Another possibility is that HVBr 2 is incorporated within the

growing film. This seems unlikely, however, due to its relatively high

solubility. Also, while it has been shown that HVBr2 forms micelles, and it

seemns reasonable that aggregates of this type could somehow induce the

codeposition of HVBr and HVBr2 (9c), the concentrations of HVBr2 used in the

present work are well below the reported critical micelle concentration for

HVBr 2 of 10 nm (at an ionic strength of 0.1 M)(9a,9c), thereby excluding

micelle formation as a mechanism for oodeposition.

The favored explanation is that the film surface is not smooth when it is

deposited under potential sweep conditions. As noted above, surface roughness

causes trapping of the solution within the pockets on the rough surface (31).

This would cause anomalously high values of Mf to be calculated from the Af
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versus Q plots. An increase in the solution density would result in an

increase in the frequency change caused by this effect. A plausible cause for

nonuniform deposition may be found in the requirement for nucleation sites for

film growth. If the number of nucleation sites is not large, then the film

deposition will occur as growth of isolated hemispheres and, finally, a

merging of these hemispheres together. The extent to which these hemispheres

merge together during the CV scan, as well as the initial nucleation site

density, should determine the number and size distribution of the pores on the

surface, and therefore the extent of solution trapping within these pores.

Assuming that the number of nuclei depends both on the applied potential

(which, of course, varies during the scan) and on the time spent at a given

potential (i.e. progressive nucleation) (11), then only a small number of

sites nay be created during a rapid scan. This will lead to larger pores and

more trapping. At lower scan rates, more sites may be created, leading to

smaller pores and less trapping.

One needs also to account for the hysterisis between the anodic and

cathodic branches of the Af versus Q plots. Several scenarios can be put forth

for their rationalization. All of these must account for the fact that at high

scan rates the passage of anodic charge is not accompanied by sufficient

frequency increases (i.e. apparent mass loss) to account for the quantity of

HVBr which is being oxidized, and presumably lost to solution as a soluble

salt, and the fact that the frequency increases dramatically at the very end

of the dissolution process. On the other hand, at lower scan rates the

frequency increase is concurrent with the anodic charge consumption, and the

slope of the anodic branch indicates loss of one HVBr per electron removed.
There are at least two ways to account for slopes which are smaller than

expected, one is mixed transport (i.e. simultaneous transport of cations,
anions, and/or solvent in such a way as to result in a net mass change of

nearly zero), and the other is gross morphological changes of the surface film

which lead to solvent trapping in macroscopic pores at the film surface (31)

so that the loss of HVBr from the film is offset by the mass of the trapped

solvent. A key question which relates to the first possibility is whether the

oxidation of HVBr to HVBr 2 is initiated at the film/electrode interface and

propagates outward towards the solution, or whether the HVBr film has

sufficient electronic conductivity for the oxidation to begin at the

film/solution interface and propagate inward towards the electrode surface.

I&,.
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The conductivity of these films has not been measured previously, but there

are experimental results (6,9c,lla) which indicate that they are, indeed,

conductive. For example, the observation of a diffusion controlled CV wave for

the reduction of HVBr2 to HVBr, even after the deposition of many equivalent

monolayers of HVBr, indicates that HV2+ diffusion to the surface rather than

charge propagation through the HVBr film is the rate limiting process for the

deposition (see Figures 1 and 2 and reference 9c). Given rapid charge

propagation across the film, the conversion of HVBr to HV2+ should occur at

the film/solution interface, and should not require the transport of any ionic

species across the HVBr film. These considerations lend support to the second

rather than the first of the two possible models described above.

The second (solvent trapping) model suggests the following mechanism

for the film dissolution. During the anodic scan the oxidation and dissolution

of the HVBr film is initiated by nucleation of pits. These pits grow

(laterally and/or downward into the film) in such a way that the HVBr which is

being anodically dissolved away is replaced by the supporting electrcyte

solution. It has been previously shown that when solution is trapped within

the dips and depressions of a imperfectly smooth surface, then the Q(M senses

this mass as being rigidly attached to the surface (31).For the present case,

if the density of this solution is reasonably close to that of the film, then

only a small mass change would be expected for replacement of the film by the

solution. In the later stages of UWe dissolution when the nucleated pits have

begun to grow together, the film structure will begin to disintegrate, and

finally the film will dissolve completely with a relatively abrupt increase in

frequency. For this mechanism of film dissolution, one expects the slope of

the Af versus Q plot to steadily increase during the dissolution from a very

small value to a very large value in oamparison to the slope for the

deposition process, in agreement with the experimentally observed trends.

Another possible explanation for these observations is the presence of

non-uniform current distribution across the face of the QCM disk electrode. In

such a model, the dissolution would be occurring first at the edge of the

crystal, where the mass sensitivity is the smallest (39), and then gradually

reaching the center of the Q04 disk electrode, where the mass sensitivity is

the greatest (39). In order to check this possibility, the deposition and

dissolution of copper in sulfuric acid was examined with the Q4. These

?a

a. a- a . a .a. a .?~*.
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results, which are reported in a later section, show that such effects are not

important for this system under the experimental conditions employed.

If the reduction of HV2+ is examined at lower solution concentrations, a

prewave is observed ca. 60 mY positive of the bulk diffusion wave. This wave

exhibits the characteristics of an adsorption wave in that its peak current

depends linearly on the scan rate. The charge under this wave was obtained by

manual integration of the area under the curve, which required a rather

subjective evaluation of the background. This procedure gave an approximate

value of 15 microcoulambs/an2 (ca. 1.5 x 10-10 mole/an2 ), which indicates that

it arises fram reduction of roughly a monolayer of viologen, given a molecular

area of 1.0 n2 (11). In order to determine whether the wave corresponds to

reduction of bulk HV2+ to produce adsorbed HV+ or to reduction of adsorbed

HV2+ to produce more strongly adsorbed HV+, we examined the frequency change

caused by this redox process. Figure 4 shows the CV and the corresponding QQ'

data for these conditions. In this figure the QCM data are shown in a

derivative representation (see equation 2) so the magnitude of the response

may be compared directly to the current. We observe essentially no frequency

change coincident with the prewave. Using a molecular area for HVBr of 1.00

nM2 (I), one calculates that adsorption of a monolayer of HVBr with the

molecular plane parallel to the electrode surface should result in a frequency

decrease of 4 Hz. Thus, the magnitude of the frequency change we observe at

the prewave does not appear to be consistent with the model of adsorption of

HV+ following its reduction fran bulk HV2+.

Another possibility is that the HV2+ is adsorbed at potentials positive

of -0.5 V and that the prewave results fran reduction of the adsorbed species.

For this case, depending on whether the HV2+ is adsorbed with or without

coadsorbed anions, one expects a much maller frequency change upon reduction.

For example, if a monolayer of HV2+ adsorbs without anion coadsorption, then

reduction should lead to a frequency decrease of ca. 1 Hz due to association

of bronide anion with the adsorbed HV+. For the anion oadsorption case,

reduction may well lead to no net frequency change if the proper number of

anions is adsorbed to form the neutral HVBr deposit. Surface enhanced Raman

studies of HV2+ at silver electrodes have indicated adsorption of HV2+ for

potentials negative of -0.2 (20), findings which are analogous with the

interpretation of the present results. In addition, several studies of methyl

viologen and methyltetradec-yl viologen adsorption at gold, silver, platinum,
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and mercury electrodes using a variety of electrochemical and spectroscopic

techniques reveal adsorption of these species at these concentrations and

similarly positive potentials (10a,10b,10d,12,14,22). Thus, w favor an

interpretation of the data in which roughly a monolayer of HV2 + is adsorbed at

the gold electrode surface prior to its reduction to the HVBr state, with

reduction and deposition of the solution phase material occurring on top of

this adsorbed layer.

When the CV experiments are carried out at higher KBr concentrations one

begins to observe the appearance of a new anodic wave on the positive scan at

potentials more positive than that of the single wave observed at lower

concentrations. This behavior is shown in Figure 5. This wave also appears at

lower KBr concentrations if the scan rate is decreased. This wave has been

reported by several groups (3b,9a,9c,20), and has been described as resulting

fran the dissolution of regions of the HVBr deposit which have recrystallized

and are therefore mre difficult to reoxidize. Figure 5c shows the Af versus Q
plot for this scan. The salient feature of the plot is that the slope of the

anodic branch is the same for both anodic waves. This implies that after the

recrystallization the stripping of the film still occurs with removal of one

HVBr formula unit per electron extracted fran the film, and that the

composition of the recrystallized film is probably quite similar to that of

the initial deposit. A further conclusion based on these data is that the QCM

appears to be relatively insensitive to the physical state of the deposit on

the electrode surface. This has been previously reported for the case of QCM

studies of ion and solvent transport in thin films of poly(aniline) on

electrodes (26b). An implication of this behavior is that the Q(M response

does not depend strongly on the materials properties of the deposit, as

expected for a layer which is behaving elastically.

Potential Step Methods. A potential problem in application of the QCM to

studies of thin film deposition is whether or not the film displays elastic

behavior. Use of the Sauerbrey equation assumes that the film is elastic, and

therefore does not experience shear during the measurement. To the extent that

the film does experience shear, then same degree of mass sensitivity will be

lost and the frequency changes which are observed will not be a true measure

of the mass change at the surface. This has been recognized for same time and

various approaches to remedy the problem have been presented, including both

theoretical and empirical calibration methods (26,27d,37b). A manifestation of

Fpdd '"'~ 'ro -Ir -% .
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non-elastic behavior is the loss of mass sensitivity as the film thickness

increases due to damping of the shear wave within the film. Thus, if it can be

shown that the mass sensitivity remains constant for a range of film

thicknesses, then elastic behavior is definitively demonstrated. Potential

step methods were chosen for this purpose.

When the electrode potential is stepped well past the reduction potential

of HV2+, but not into the region of reduction to the neutral HV species, the

deposition of HVBr begins almost immediately. The time course of the

deposition has been shown to follow nucleation kinetics at relatively short

times with semi-infinite diffusion controlling the current at longer times

(3a,9a,ll). For potential steps well over the wave, the integrated Cottrell

equation gives the total amount of material which has reached the surface at a

given time. In the present case of deposition of the reduced HV+ in the form

of HVBr with 100% efficiency, this equation should give the total mass

deposited during the potential step, given the molar mass of the depositing

species, its concentration, and diffusion coefficient. Equation 4 gives the

dependence of the frequency change (Af, in Hz) on the time (t, in seconds)

after the step:

Af = (2 x 106) K MWf D1/2 c t 1/2 ,-1/2 (4)

where D is the diffusion coefficient (in an2/s), C is the concentration of the

diffusing species (in mole/an3 ), K is the proportionality constant described

above (in Hz/microgram/an 2), and MWf is the apparent molar mass of the

depositing species which forms the film (in grams/mole). Note that in the

present case MWf may be larger than the molar mass of HVBr if solvent and/or

ionic species were to be incorporated into the film during its formation. The

slope of a plot of Af versus t1 / 2 may be used to calculate MWf, given D and C.

A more direct measure of MW f may be obtained by using the slopes of theAf 1/2i/2

Af versus t1 / 2 and the Q versus tl2 plots. We denote these slopes as Sf (in

Hz/s / 2 ) and S (in (Coul/an 2 )/s / 2 ), respectively. Equation 5 gives the valueq
of MWf calculated fran the ratio of these slopes:

( Sf / Sq ) * ( 106 F / K ) = MWf (5)

with all of the variables having been previously described. This method of

arriving at a value of MWf does not require knowledge of either the diffusion

coefficient or the concentration, since both slopes depend on these quantities

in the same way.
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Figure 6a shows the result of a typical potential step experiment. The
Q0M frequency drops continuously after the potential step, indicating mass

gain at the surface due to HVBr deposition. Figure 6b shows the plot of Af

versus tl/2 (the microgravimetric equivalent of an Anson plot) for this

experiment. The linearity of the plot indicates the general applicability of

Equation 4. Table 2 gives the Mf values evaluated from equation 5 for several

step experiments of this type at two different HVBr 2 concentrations and with

several final potentials. These MWf values are seen to be strongly dependent

on the value of the final potential. When the final potential is well past the

wave, the value of MWf is essentially equal to the molar mass of HVBr. For

steps to less negative potentials the value increases dramatically, especially

at the foot of the wave. We propose that this behavior is related to the

number of nucleation sites created during the potential step. For steps to

very negative potentials, a large number density of nucleation sites is

produced at the surface, and the growth of the film is essentially uniform.

For steps to less negative potentials, a smaller number density of nucleation
sites is created. These nuclei grow hemispherically, and the surface roughness

of the newly formed HVBr film increases. This causes trapping of solution

within the pores, as described above, and leads to anomalously large

calculated values of MWf. The agreement of the value obtained for MWf with the

molar mass of HVBr for very negative potential steps is strong evidence that

the film deposits as the HVBr salt, with essentially no incorporation of

either solvent or ionic species from the supporting electrolyte.

The observation of linearity for these microgravimetric Anson plots for

times and frequency changes much larger than those observed in the potential

sweep experiments implies that these HVBr films exhibit elastic behavior for

all thicknesses used in the present study. If the films were not exhibiting

elastic behavior, then the plots would have concave (downward) curvature due

to an increasing loss of mass sensitivity as the film thickness increased.

Again, it is significant that the recrystallization which occurs in these

films at times longer than a few seconds for HV2+ concentrations larger than a

few millimolar does not appear to affect the QCM frequency response. We have

not searched for the breakdown of elastic behavior which is expected at much

larger thicknesses.

Double potential step experiments were done in an effort to observe the

dissolution of the HVBr films during the oxidative step. The anodic charge is
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passed in a very short time, indicating that film dissolution must be quite

fast. The frequency also indicates that the film is lost fran the surface very

rapidly after the positive step. In fact, the film is lost fran the surface so

quickly that the Q(M is unable to elucidate the temporal details of the

dissolution. This is probably due to intrinsic limitations of the QCM for

response to fast processes. This point will be further addressed in a future

communication.

CWoper Deposition. As mentioned above, a problem which could be encountered in

studies of this type is the possible presence of non-uniform current density

distribution across the face of the Q0M disk electrode. Past studies have

shown that the mass sensitivity varies across the face of the Q"M electrode,

with the dependence of this radial mass sensitivity depending on the details

of the electrode size, electrode placement, and the crystal preparation. For

example, for crystals having both faces exactly planar the mass sensitive

region extends slightly past the outer radius of the electrode, while for

plano-convex crystals the mass sensitive region is nearly completely confined

within the radius of the electrode (40). In both cases, the mass sensitivity

varies in a Gaussian manner with the radial distance from the center of the

crystal (39,40). The mass sensitivity expressed in the Sauerbrey equation is

based on an assumption that the film is deposited uniformly across the face of

the crystal electrodes, so that the integral mass sensitivity remains constant

for any film thickness (so long as the loading is not too great).

Many previous studies of the current distribution at disk electrodes have

shown that under different conditions the current density distribution may be

either uniform or non-uniform. In particular, both Bruckenstein and Miller

(41) and Marathe and Newman (42) have studied the influence of these effects

for the case of copper deposition fran acidic sulfate solutions. Both studies

showed that uniform current density distribution tends to occur at low

concentrations of the redox species and high supporting electrolyte

concentrations, and vice versa. Thus, the former conditions are required in

order to make meaningful, quantitative measurements of mass changes during

QCM/electrochemical experiments.
To show unequivocally that the HV2+ experiments reported here are not

influenced by non-uniform current density distributions, the deposition of

copper on the Q(M was studied with both potential step and potential sweep
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methods using exactly the same conditions as those in the HV2+ experiments,

i.e. identical ionic strength and concentration of the redox species. Figure

7a shows a representative example of a plot of Af versus Q observed for a

sweep experiment. The salient feature of the plot is the linearity for both

the reductive and oxidative branches, indicative of a constant mass

sensitivity both at the foot of the wave (where the current density is

expected to be the least uniform) and past the peak, where the reduction

process is diffusion controlled. Thus, the hysterisis observed for the HV2+

reoxidation is not caused by non-uniform current density distribution. Figure

7b shows a typical gravimetric Anson plot for a potential step experiment

under the same conditions, and demonstrates the extrenely good linearity of

these plots.

CONCLUSIONS

This study of the mass changes which occur at the electrode during HVBr

deposition and dissolution has revealed several interesting aspects in its

electrochenical behavior. Based on the excellent agreement between the

microgravimetric Anson plot slopes and the formula nass of HVBr, it can be

inferred that little, if any, supporting electrolyte is incorporated into the

HVBr film for potential step deposition at potentials well past the first

reduction wave. On the other hand, for deposition by potential sweep the

values of Mqf given in Table 1 indicate that, under certain conditions, the

film is deposited with a rough surface with a consequent trapping of solution

within these pores.

Under the conditions used in this work (i.e. low concentration of HV2+

and high ionic strength) the film is deposited fairly uniformly across the

face of the QCM disk electrode, as expected based on the early analyses of

current distribution at a disk electrode (41,42) and as indicated by the

present results for copper deposition. Another conclusion based on the

excellent agreement of the microgravinetric Anson plot slopes and the formula

mass of HVBr is that the film deposits with a relatively low surface

roughness, because the known influence of surface roughness (31) is to
increase the apparent mass by including trapped supporting electrolyte in the

mass measured by the resonator. Thus, the model which develops is one of

deposition to form a reasonably uniform, compact film with a current

efficiency for deposition of essentially 100%.
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The presence of a cathodic adsorption prewave positive of the bulk

diffusion wave was observed in the voltammetry of HV2+ on the Q(M gold

electrodes. Correlation of the cathodic charge with the very small mass

changes concurrent with this wave indicates that it arises from reduction of

adsorbed HV2+ to even more strongly adsorbed HV+, rather than from reduction

of solution phase dication followed by adsorption. Lu and Cotton (20) have

investigated the adsorption of HV2+ onto silver electrodes by surface enhanced

Raman spectroscopy. They find evidence for strong adsorption of HV2+ for

potentials negative of -0.2 V following oxidation-reduction cycling of the

electrode in the presence of HV2+ in solution. Based on the dependence of the

SER spectra on the concentration of bromide in the solution, they postulate

that in the absence of bromide, HV2+ adsorbs directly onto the electrode

surface, while in the presence of bromide at concentrations above ca. 10 - 4

HV2+ adsorbs onto the electrode via an ion pair interaction with adsorbed

bromide ion. In the present case, since (in the absence of HV2+) bromide does

not appear to be adsorbed on gold at potentials negative of 0.0 V (43), we

suspect that HV2+ adsorbs directly onto the gold electrode. While coadsorption

of bromide onto the surface way be induced by the presence of HV2+, the signal

to noise ratio of the frequency measurements is not sufficient to distinguish

whether the HV2+ adsorbs with or without coadsorbed bromide.

The finding that the film dissolution seems to be initiated at the

film/solution interface by pit nucleation lends credence to Jasinski's early

assertion (6) that the film is an electronic conductor. Thus, during the

anodic dissolution, charge propagates across the film rapidly, with little

dissolution occurring until the holes reach the film/solution interface. Also,

based on the scan rate dependence of the hysterisis in the frequency versus

charge plots, one can speculate on whether the pit nucleation is instantaneous

or progressive. We favor progressive nucleation based on the following

reasoning. At high scan rates, the number of nuclei is relatively small, so

that large pits are created as the pits grow down and/or laterally in the

film. When these large pits finally merge and the film disintegrates, the

frequency increases dramatically. At low scan rates, the number of nuclei is

much larger due to the longer time in which they are allowed to form. In the

limit of an infinitely slow scan, the areal density of nucleation sites gets

arbitrarily large, and the film dissolution becomes perfectly uniform. Thus,

at lower scan rates the film dissolves uniformly, and one expects no
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hysterisis in the frequency versus charge plots. While this explanation is

clearly speculative, this type of problem should lend itself to more detailed

solution by simulation methods. We are currently developing such methods to

address these and other questions related to mass changes which are consequent

to redox processes involving adsorbed species.

The use of potential step methods to determine the apparent mass of a

depositing species from the slope of the microgravimetric Anson plot

represents a useful new tool for characterizing the electrodeposition of thin

films on electrode surfaces. In certain cases a great deal of information may

be obtained fram such studies. For example, in the present study the excellent

agreement of the microgravimetric Anson plot slopes with the expected values

strongly indicates that the deposition gives a fairly uniform, cmpact film.

Also, a very high current efficiency can be inferred from these data. For

cases in which the slopes do not agree with the value expected based on simple

deposition to give a uniform, ompact film, the discrepancy could have its

origin in any of several effects, which in same cases may be distinguishable

by examining the time dependence of the discrepancy. These include but are not

limited to control of the rate of deposition by some process other than

diffusion (such as nucleation), non-uniform deposition, less than 100% current

efficiency for the deposition, a stoichiametry for the film which is different

than that anticipated, and incorporation of solvent and/or supporting

electrolyte into the film.

In closely examining the frequency change as a function of time at very

short tines after potential steps, we have observed that a limit on the

temporal resolution of the QCM exists. Plots of frequency versus time always

show intercepts on the positive time axis, and these appear to be very similar

for many different types of systems (e.g. HVBr deposition and ion and/or

solvent incorporation into poly(vinylferrooene) (44) and poly(nitrostyrene)

(45) films following potential steps over their oxidation and reduction waves,

respectively). We are examining this effect in more detail, but suspect that

it is related to the Q value of the crystal (i.e. the ratio of stored to

dissipated energy per cycle for the resonator). Thus, for situations in which

the Q value is large (e.g. in vacuum or gas phase work) the mass measurements

may be made relatively rapidly, while for low Q applications (e.g. in

solutions) the easurements will probably require longer times.
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TABLE 1

Concentration Scan Concentration
of Rate of MWf

HVBr 2 (M) (mV/s) KBr (M) (g/mole)

1 10 0.3 496

1 25 0.3 512

1 50 0.3 535

1 100 0.3 511

1 200 0.3 571

1 25 3.0 443

1 50 3.0 528

1 100 3.0 736

1 200 3.0 654

5 10 0.3 411

5 25 0.3 474

5 50 0.3 410

5 100 0.3 424

5 200 0.3 472

5 10 3.0 623

5 25 3.0 680

5 50 3.0 678

5 100 3.0 652

5 200 3.0 729

, I.
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TABLE 2

Concentration Concentration Final
of of Potential mw f

HVBr2 (mM) KBr (M) (V) (g/mole)

1 0.3 -0.580 866

1 0.3 -0.600 731

1 0.3 -0.750 449

5 0.3 -0.535 1205

5 0.3 -0.536 1145

5 0.3 -0.537 957

5 0.3 -0.538 926

5 0.3 -0.750 460

, .-
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FIGURE CAPTIONS

1. CV/QC24 steady state scan fran 0.0 to -)..I V in 1.0 mM HVBr 2 P 0.3 M KBr,

and 5 mM NaOH. Scan rate 100 mV/s. a) CV response. b) Q4 frequency

response.

2. CV/QCM steady state scan fron 0.2 to -0.65 V of 5 mM viologen, 0.3 M KBr,

and 5 mM NaOH. Scan Rate 50 mV/s. a) CV response. b) Q(4 frequency

response.

3. Plot of Af versus Q for CV fran 0.2 to -0.65 V. All conditions as in

Figure 2 except scan rate. a) 50 mV/s. b) 100 mV/s. c) 200 mV/s.

4. a) Plot of the CV scan from +0.2 to -0.65 V of 0.2 mM viologen, 0.3 M

KBr, and 5 mM NaOH. Scan rate 10 mV/s (solid line). b) Plot of the

derivative of the frequency response versus the potential for the same

scan as in Figure 4a (dashed line).

5. CV/QC4 steady state scan from +0.2 to -0.65 V of 5 mM viologen, 2.0 M KBr,

and 5 mM NaOH. Scan Rate 10 mV/s. a) CV response. b) QC4 frequency

response. c) Plot of Af versus Q.

6. a) Relative frequency change versus time for 10 sec step from +0.2 to

-0.57 V for a solution containing 5 mM HVBr 2 , 0.3 M KBr, and 5 mM NaOH.

b) Plot of the relative frequency change versus the square root of time

for the same step as in Figure 6a.

7. a) Plot of Af versus Q for a CV scan fro 0.6 to -0.2 V for 5 4 CuSO4 in

0.3 M H2 SO4 . Scan rate 50 mV/s. b) Plot of Af versus t1 / 2 reductive

step fram 0.35 to -. 25 V for 5 MM CuSO4 SO4 in 0.3 M H2 So 4 .

-,
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